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Abstract 
 
Animals selectively respond to environmental cues associated with food reward to optimize nutrient 1 

intake. Such appetitive CS-US associations are thought to be encoded in select, stable neuronal 2 

populations or neuronal ensembles, which undergo physiological modifications during appetitive 3 

conditioning. These ensembles in the medial prefrontal cortex (mPFC) control well-established, 4 

cue-evoked food seeking, but the mechanisms involved in the genesis of these ensembles are 5 

unclear. Here, we utilized male Fos-GFP mice that express the green fluorescent protein (GFP) in 6 

recently behaviorally-activated neurons, to reveal how dorsal mPFC neurons are recruited and 7 

modified to encode CS-US memory representations using an appetitive conditioning task. In the 8 

initial conditioning session, animals did not exhibit discriminated, cue-selective food seeking, but 9 

did so in later sessions indicating that a CS-US association was established. Using microprism-10 

based in vivo 2-Photon imaging, we revealed that only a minority of neurons activated during the 11 

initial session was consistently activated throughout subsequent conditioning sessions and during 12 

cue-evoked memory recall. Notably, using ex vivo electrophysiology we found that neurons 13 

activated following the initial session exhibited transient hyper-excitability. Chemogenetically 14 

enhancing the excitability of these neurons throughout subsequent conditioning sessions interfered 15 

with the development of reliable cue-selective food seeking, indicated by persistent, non-16 

discriminated performance. We demonstrate how appetitive learning consistently activates a 17 

subset of neurons to form a stable neuronal ensemble during the formation of a CS-US 18 

association. This ensemble may arise from a pool of hyper-excitable neurons activated during the 19 

initial conditioning session. 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 
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 28 

Significance statement  29 

 30 

Appetitive conditioning endows cues associated with food with the ability to guide food-seeking, 31 

through the formation of a food-cue association. Neuronal ensembles in the medial prefrontal 32 

cortex (mPFC) control established cue-evoked food-seeking. However, how neurons undergo 33 

physiological modifications and become part of an ensemble during conditioning remain unclear. 34 

We found that only a minority of dorsal mPFC (dmPFC) neurons activated on the initial 35 

conditioning session became consistently activated during conditioning and memory recall. These 36 

initially activated neurons were also transiently hyper-excitable. We demonstrate: 1) how stable 37 

neuronal ensemble formation in the dmPFC underlies appetitive conditioning; and 2) how this 38 

ensemble may arise from hyper-excitable neurons activated prior to the establishment of cue-39 

evoked food seeking. 40 

 41 

 42 

43 
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Introduction 44 

Through Pavlovian associative learning, a conditioned stimulus (or CS) that reliably predicts food 45 

reward (unconditioned stimulus or US) is endowed with motivational significance and the ability to 46 

activate and retrieve food memories (van den Akker et al., 2018; Jansen, 1998; Pavlov, 1927). 47 

These CS-activated food representations can elicit actions to facilitate food procurement. For 48 

animals, this maximizes caloric intake while minimizing time and energy spent searching for food 49 

(Carthey et al., 2011; MacArthur and Pianka, 1966). In humans, food-associated cues can elicit 50 

food cravings and produce eating in the absence of hunger, which may contribute to eating 51 

disorders involving binge eating (van den Akker et al., 2018; Jansen, 1998). Elucidating the 52 

neurobiological mechanisms underlying the establishment of appetitive CS-US associations is 53 

important for understanding both adaptive and maladaptive eating (van den Akker et al., 2018; 54 

Jansen, 1998).  55 

 56 

The motivational functions of CS-activated memory representations involve activation of sparse 57 

sets of neurons or ‘neuronal ensembles’ in the medial prefrontal cortex (mPFC); a brain region 58 

implicated in various appetitive behaviors (Cruz et al., 2013; Koya et al., 2009; Riga et al., 2014; 59 

Suto et al., 2016; Whitaker and Hope, 2018). Accordingly, selective silencing of mPFC ensembles 60 

attenuates cue-evoked food-seeking (Suto et al., 2016). These findings offer compelling evidence 61 

that CS-activated mPFC ensembles stably encode associative memories that elicit and guide 62 

appetitive performance. The establishment of an appetitive CS-US association is readily examined 63 

using a Pavlovian conditioning task. In the initial conditioning sessions, animals do not exhibit 64 

discriminated cue-evoked food seeking, but in later sessions this behavior becomes more 65 

discriminated, indicating an establishment of a CS-US association (Ziminski et al., 2017). However, 66 

we have yet to understand how CS-US encoding neuronal ensembles are formed as these 67 

associations become established, i.e. as a function of conditioning. 68 

 69 

We addressed this issue here by visualizing ensemble formation and activation patterns across 70 

conditioning sessions utilizing microprism-based 2-Photon (2P) in vivo imaging (Low et al., 2014). 71 

Unlike conventional cranial window 2P imaging, using a microprism allowed us to access the 72 
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mPFC. We focused on the anterior cingulate cortex region of the dorsal mPFC (dmPFC) because it 73 

plays a role in facilitating attentional processes and discriminating between food-predictive and 74 

non-predictive cues (Bryden et al., 2011; Cardinal et al., 2002; Parkinson et al., 2000; Totah et al., 75 

2009).  Furthermore, we crossed Fos-GFP and GAD-tdTomato mice to generate Fos-GFP X GAD-76 

TdTomato (FGGT) mice. These mice express GFP in recently behaviorally-activated (GFP+) 77 

neurons with a similar time course to the acute neuronal activity marker ‘Fos’ (Barth et al., 2004; 78 

Whitaker et al., 2016; Ziminski et al., 2017). Also, they express the red fluorescent protein 79 

‘tdTomato’ in interneurons (Besser et al., 2015).  This enabled us to selectively track activation 80 

patterns of pyramidal cells (tdTomato–) and interneurons (tdTomato+) across learning and recall 81 

sessions in mice trained on a Pavlovian appetitive conditioning task. 82 

 83 

Physiological adaptations in CS-activated ensembles are thought to play a role in establishing 84 

associative memories; changes in appetitive associative strength modulate ensemble excitability 85 

(Whitaker et al., 2017; Ziminski et al., 2017), while the formation of an appetitive association 86 

induces synaptic remodeling in an ensemble-specific manner (Whitaker et al., 2016). Similarly, fear 87 

conditioning studies have identified a critical role of increased synaptic strength and connectivity 88 

between learning-activated neurons in the establishment of aversive associative memories (Choi et 89 

al., 2018; Ryan et al., 2015). However, we do not know how similar physiological alterations shape 90 

recruitment of neuronal ensembles in the dmPFC that encode appetitive CS-US associations. 91 

Hence, we compared changes in excitability, synaptic physiology, and connectivity of behaviorally-92 

activated neurons during the early stages (i.e. prior to the establishment of robust CS-evoked food 93 

seeking) and late stages of conditioning.  Finally, we directly tested the importance of neuronal 94 

excitability changes in conditioned performance using a chemogenetic (DREADD) approach. 95 

  96 
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Materials and Methods 97 

 98 

Animals: 99 

Heterozygous (het) male Fos-GFP (RRID: IMSR_JAX:014135), Fos-tTa mice (RRID: 100 

MMRRC_031756-MU), GAD-tdTomato mice (Besser et al., 2015) (C57BL/6J-Tg(Gad2-101 

tdTomato)DJhi; RRID:IMSR_EM:10422; were bred onto a C57BL/6 background. TRE-H2B-GFP 102 

(RRID:IMSR_JAX:005104) (Tumbar et al., 2004) mice previously bred onto a CD-1 background 103 

were bred with wild-type C57BI/6 females obtained from Charles River UK at the University of 104 

Sussex. het TRE-H2B-GFP mice were bred onto a C57BL/6 background for at least 6 generations 105 

before being bred with het Fos-tTA mice to generate double transgenic TetTag H2B-GFP mice. het 106 

Male GAD-tdTomato were bred with het Fos-GFP female mice to produce double transgenic Fos-107 

GFP x GAD-tdTomato (FGGT) mice. The Fos-GFP het male mice used to characterize the time 108 

course of Fos-GFP expression (Fig. 2) were bred in a similar manner at the National Institute on 109 

Drug Abuse (NIDA) IRP (Bruce Hope lab, Baltimore, USA). FGGT male mice were used for 2-110 

Photon imaging experiments (Experiment 1), Fos-GFP and TetTag H2B-GFP male mice were 111 

used for ex vivo electrophysiology experiments (Experiment 2). Fos-tTa and WT male mice were 112 

used for chemogenetics experiments (Experiment 3). All mice were housed under a 12-hours 113 

light/dark cycle (lights on at 7:00) at the maintained temperature of 21+/-1 °C and 50 +/-5% relative 114 

humidity. Mice used in the Fos-GFP expression time course experiment were ~20-25 weeks old at 115 

time of testing. For Experiments 1-3, mice were aged 7-13 weeks at the beginning of experimental 116 

procedures, and were food restricted (90% baseline body weight) 1 week prior to behavioral testing 117 

until the completion of behavioral experiments. The Fos-GFP expression time course experiment 118 

was carried out according to National Institutes of Health guidelines under experimental protocols 119 

that were approved by the Animal Care and Use Committee of NIDA IRP. Experiments 1-3 were 120 

conducted in accordance with the UK 1986 Animal Scientific Procedures Act (ASPA) and received 121 

approval from the University of Sussex Animal Welfare and Ethics Review Board.  122 

 123 

Surgical Procedures: 124 

Microprism implantation in FGGT mice (Experiment 1): 125 
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At ages 10-13 weeks, FGGT mice were implanted with a microprism in the mPFC. Microprism 126 

constructs were built by assembling 2 circular glass windows (5 mm and 3 mm diameter; #1 127 

thickness, cat. no: 64-0700 and 64-0720, Warner instruments, Holliston, USA) and a 1.5 mm 128 

coated microprism (Model no: MPCH-1.5, part no: 4531-0023, Tower Optics, Boyton Beach, USA) 129 

using optical glue (Norland Optical Adhesive, Cranbury, USA), such that the microprism rested on 130 

the 3 mm window with its vertical imaging edge on the diameter. Mice were anesthetized with 131 

isoflurane 3% dilution in O2 (0.8 L/min) and NO2 (0.5 L/min) and maintained between 1 and 2% 132 

dilution throughout the surgery. They first received an injection of dexamethasone (Dexadreson, 133 

5mg/kg, s.c. or i.m.) to reduce cerebral inflammation. The skin on their scalp was sectioned off and 134 

the skin around the section was glued to the skull (Vetbond, 3M, St. Paul, USA). The bone was 135 

then scored before a set of custom headbars was fixed to the skull using dental cement (Unifast 136 

TRAD, Tokyo, Japan). A 3 mm circular opening was created in the skull centered at bregma 0.8 137 

mm (+/-0.2 mm according to the location of blood vessels).The final area observable through the 138 

microprism spanned approximately from bregma 0.05 mm to 1.55 mm on the rostro-caudal axis 139 

and from 0 mm to 1.5 mm on the dorso-ventral axis (of note, the most dorsal section was usually 140 

obscured by the central sinus). The vast majority of this area constitutes the anterior cingulate 141 

cortex of the mPFC (Fig.3A; Paxinos and Franklin, 2001). Microprism implantation occurred 142 

similarly as described in Low et al., (2014). The dura was removed and the microprism construct 143 

was lowered into the brain using a custom-built holder such that the microprism was positioned 144 

between the hemispheres with the imaging surface placed against the sagittal surface of one of the 145 

hemispheres (Fig. 3A). The construct was glued with Vetbond and further fixed with dental cement. 146 

Following implantation, mice received buprenorphine (0.1 μg/kg, i.m.) and were left to recover in a 147 

heated chamber for an hour. Following surgery, they received 3 days of oral Meloxicam (Metacam, 148 

Boehringer, Berks, UK). All mice recovered for a minimum of two weeks before undergoing any 149 

further procedures. The first imaging session typically occurred 3-4 weeks following surgery to 150 

allow inflammation in the imaging area to subside. 151 

 152 

 153 

 154 
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Generation of AAV particles 155 

 All AAV transgenes were packaged into AAV capsids, serotype AAV2. HEK293 cells were co-156 

transfected with the transgene construct plasmid pAAV-PTRE-tight-hM3Dq-mCherry which was a 157 

gift from Prof. William Wisden (Zhang et al., 2015) (Addgene plasmid # 66795),  the adenovirus 158 

helper plasmid pHelper (Stratagene) and the AAV2 helper plasmid pRC (Stratagene) using the 159 

calcium phosphate method. The cells were harvested and pelleted 72 hours after transfection and 160 

re-suspended in lysis buffer (150 mM NaCl, 20 mM Tris pH 8.0). Benzonase endonuclease (Merck; 161 

E1014) was added and the cell lysate was incubated at 37°C for 30 minutes, before being 162 

centrifuged and the supernatant purified by the iodixanol gradient method. Optiseal tubes 163 

(Beckman Coulter; 361625) were prepared with iodixanol gradients overlaid in the following order; 164 

5 ml 15% in PBS-MK, 5 ml 25% in PBS-MK with phenol red, 6 ml 40% in PBS-MK, and 9 ml 60% 165 

with phenol red. The supernatant was then overlaid and the tube sealed, then centrifuged at 166 

461000 g for 1 hour at 18°C. The AAV particles were collected from the 20% layer by piercing the 167 

tube horizontally with an 18G needle, and concentrated using Amico Ultra-4 (Merck; UFC810008) 168 

at 2000 g for a minimum of 20 minutes. The elution was re-suspended with 250 μl dPBS and 169 

aliquoted and stored at -80°C. The final titer was 1.67x1010 copies/ml. 170 

 171 

Virus microinjection in mPFC of Fos-tTa and WT mice (Experiment 3): 172 

7-12 week old Fos-tTa and WT mice received bilateral injections of AAV2-TREtight-hM3Dq-mCherry 173 

(Zhang et al., 2015) in the medial prefrontal cortex (mPFC; coordinates: AP: bregma +1.2, ML +/- 174 

0.5, DV – 1.2). Mice were anesthetized with isoflurane 3% dilution in O2 (0.8 L/min) and NO2 (0.5 175 

L/min) and kept between 1 and 2% dilution throughout the surgery. Using a mounted drill, openings 176 

were created at the anterior-posterior and medio-lateral coordinates. Custom-built infusers – 177 

assembled from 26G 30 mm and 33G 65 mm stainless steel tubes (Coopers needle works LTD., 178 

Birmingham, UK) – were then lowered to the dorsal-ventral coordinates and 0.5 μL/hemisphere of 179 

virus was injected at a rate of 0.1 μL/min. The infusers remained in the brain 7 min before being 180 

raised gradually. Mice received Meloxicam (Metacam, Boehringer, Berks, UK) orally for 1 day prior 181 

to and 3 days post-surgery for analgesia and reducing inflammation. A week following surgery and 182 
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for the duration of the experiment, all mice received doxycycline in their drinking water (0.1 mg/mL) 183 

to prevent any unwanted transgene expression.  184 

 185 

Behavioral experiments: 186 

General Procedures (Experiment 1-3):  187 

Similar behavioral experimental procedures and apparatus were utilized as in Ziminski et al., 2017. 188 

Briefly, behavioral experiments were performed in standard mouse operant chambers (15.9 x 14 x 189 

12.7 cm; Med Associates, Vermont, USA), each fitted with a recessed magazine which dispensed 190 

10% sucrose solution serving as the unconditioned stimulus (US) and a mechanical click generator 191 

providing a sound which served as a conditioned stimulus (CS). An infrared beam detected head 192 

entries into the food magazine. Mice were randomly assigned to ‘Paired’ or ‘Unpaired’ groups that 193 

underwent identical procedures except that Unpaired mice only received sucrose in the home cage 194 

1-4 hours at random times before or after each conditioning (acquisition) session. As such, this 195 

group controlled for factors such as the effects of handling, chamber, CS and US exposure. One 196 

day following magazine training (in which Paired mice were pre-trained to the sucrose delivery 197 

magazine), mice underwent 12 acquisition sessions over a 7 day period for 1-2 sessions per day. 198 

Each 25 min acquisition session consisted of six 120s CS presentations, separated by 120s 199 

random –interval (RI) inter-trial interval periods. During each CS period 10% sucrose was delivered 200 

to the magazine (Paired mice) or was unrewarded (Unpaired mice) at a RI30 schedule. Twelve 201 

acquisition sessions produced selective responding to the CS. 202 

 203 

Experiment-specific procedures: 204 

Time course of Fos-GFP expression measured by GFP immunofluorescence: Fos-GFP mice in the 205 

1.5, 8, and 18 hours condition were initially exposed to a novel context (plexiglass locomotor 206 

activity chamber, dimensions 43 (w) x 43 (l) x 30 (h) cm) for 25 min and then remained in their 207 

home cages for an additional 65 min, 7 hours 35 min, and 17 hours 35 min, respectively, and were 208 

subsequently deeply anesthetized and transcardially perfused with 4% paraformaldehyde. Fos-209 

GFP mice in the 0 hour condition were transcardially perfused without being exposed to the novel 210 

context. GFP immunofluorescence was performed as described previously (Ziminski et al. 2017).  211 
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Unless specified, all steps were performed in room temperature. 30 μm sections containing the 212 

anterior cingulate cortex were prepared using a Leica CM1900 cryostat and sections were 213 

collected in Tris-buffered saline (TBS; 0.025 m Tris-HCl, 0.5 m NaCl, pH 7.5). Free-floating 214 

sections were washed in TBS and blocked in 10% normal goat serum (catalog #S-1000, 215 

RRID:AB_2336615; Vector Laboratories) in TBST (TBS, 0.2% Triton X-100). Next, slices were 216 

incubated at 4°C overnight in anti-GFP primary antibody (catalog #ab13970, RRID:AB_300798; 217 

Abcam) diluted 1/16000 in 3% normal goat serum TBST. The following day, slices were incubated 218 

for 2 hours in anti-chicken Alexa 488 (catalog # A-11039, RRID:AB_2534096, Thermo Fisher 219 

Scientific) at 1/200 in TBST. Slices were mounted on Superfrost Plus slides (catalog # 10149870; 220 

Thermo Scientific) air-dried, and coverslipped with PermaFluor (catalog #TA-030-FM, RRID: 221 

SCR_014787; Thermo Scientific).  222 

 223 

Fluorescence images of Fos-GFP staining from left and right hemispheres of the dmPFC from two 224 

coronal sections per animal, corresponding to approximately bregma 0.7 and 1.2 (Paxinos and 225 

Franklin, 2001), were captured using a QI click camera (Qimaging) attached to an Olympus Bx53 226 

microscope. GFP+ immunoreactive nuclei were quantified using iVision software (version 4.0.15, 227 

RRID: SCR_014786; Biovision Technologies). Layers II/III were selected for this analysis similar to 228 

our in vivo imaging and ex vivo electrophysiology experiments.  229 

  230 

Experiment 1 (in vivo imaging): Acquisition sessions proceeded in Paired and Unpaired groups as 231 

described in General Procedures with a protruding feeding port to accommodate mice equipped 232 

with a head-restraint device. For acquisition sessions 1 (S1), 5 (S5) and 11 (S11), Unpaired mice 233 

received sucrose 10 minutes before training in their home cage, for all other sessions, sucrose was 234 

delivered at a random time during the day. 3 days following the last acquisition session, mice were 235 

tested for Pavlovian conditioning with a cue exposure test: both Paired and Unpaired mice were 236 

placed in the conditioning chamber and tested under extinction conditions for 3 CS presentations. 237 

 238 

Experiment 2 (ex vivo electrophysiology): Fos-GFP mice were randomly assigned to S1 and S11 239 

groups. Mice in the S1 group received only a single acquisition session (Paired or Unpaired as 240 
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described in General Procedures) following magazine training before being sacrificed for 241 

electrophysiology recordings. Unpaired mice received sucrose in their home cage 10 minutes 242 

before this session. Mice in the S11 group received 11 sessions of conditioning before being 243 

sacrificed for electrophysiology recordings. Unpaired mice received sucrose in their home cage 10 244 

minutes before this session, for all other sessions it was delivered at a random time. TetTag H2B-245 

GFP mice received only a single S1 acquisition session (Paired or Unpaired as described in 246 

General Procedures) following magazine training. Likewise, Unpaired mice received sucrose 10 247 

minutes before the session. 3-7 d following this acquisition session, they were sacrificed for 248 

electrophysiology recordings. 249 

 250 

Experiment 3 (chemogenetics): All mice were trained under Paired conditions and two main 251 

experiments ‘S1 tag’ and ‘NC tag’ were performed here. In both experiments, Fos-tTA and their 252 

negative, wild-type (WT) littermates (same genetic background) were injected with AAV2-TREtight-253 

hM3Dq-mCherry and underwent identical behavioral procedures except for the ‘tagging session’ 254 

which could either be a conditioning session as described in General Procedures (‘S1 tag’) or a 25 255 

minute novel context exposure (‘NC tag’). Previous studies have shown that novel context 256 

exposure recruits neurons that are unrelated to appetitive learning (Cruz et al., 2014), and thus this 257 

exposure served to tag such neurons here. Immediately following Magazine training, doxycycline 258 

was removed from the drinking water for 48 h at which point mice underwent the ‘tagging session’ 259 

to label activated neurons in Fos-tTa mice with hM3Dq. Importantly, hM3Dq expression persisted 260 

many days following the acquisition and recall sessions (Fig. 8B), indicating the reliability of our 261 

neuronal manipulation. An hour following this tagging session, mice received high doxycycline 262 

drinking water (1 mg/mL) for 24 hours before undergoing normal a conditioning session and 263 

receiving low doxycycline drinking water (0.1 mg/mL) for the remainder of the experiment. 264 

Conditioning sessions then proceeded as described in General procedures until the completion of 265 

a total of 12 conditioning sessions. Mice received injections of the hM3Dq agonist ‘clozapine’ (0.1 266 

mg/kg, i.p. (Gomez et al., 2017) 15 minutes prior to the beginning of every two sessions (Fig. 8A). 267 

This compound is a metabolite of the widely-used hM3Dq agonist clozapine-N-oxide (CNO), 268 

clozapine has recently been shown to serve as the agonist at hM3Dq (Gomez et al., 2017). Thus, 269 
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clozapine compared to CNO has a direct mode of action at hM3Dq and does not depend on 270 

metabolic function. To habituate mice to injections, 4-5 saline injections were delivered to them 271 

over the week preceding training. Three days following the last acquisition session, mice were 272 

tested for Pavlovian conditioning with a cue exposure test: Paired mice were placed in the 273 

conditioning chamber and tested under extinction conditions for 6 CS presentations. 274 

 275 
Electrophysiology (Experiment 2) 276 
Brain slice preparation:  277 

Ninety min following S1 or S11 (Fos-GFP mice) and 3-7 d following S1 (TetTag H2B-GFP mice), 278 

mice were deeply anaesthetized with ketamine and xylazine and transcardially perfused with ice 279 

cold NMDG-HEPES recovery aCSF (in mM, 93 NMDG, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 280 

HEPES, 25 glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl2·4H2O and 10 281 

MgSO4·7H2O, bubbled with 95% O2/ 5% CO2, pH 7.4, 305-310 mOsm/kg)(Ting et al., 2014).  The 282 

brain was quickly removed and sliced in NMDG-HEPES aCSF on a Leica VT1200S vibratome to 283 

250 μm thick sections between bregma 1.70 to 0.86 mm containing the mPFC. Sections were 284 

incubated in 34oC NMDG-HEPES aCSF for 5 min and transferred to standard recording aCSF (in 285 

mM, 126 NaCl, 4.5 KCl, 1 MgCl2, 2.5 CaCl2, 1.2 NaH2PO4 11 D-(+)-Glucose, 26 NaHCO3 bubbled 286 

with 95% O2/5% CO2, pH 7.4) at room temperature for the remainder of the recording day. Slices 287 

were transferred to a recording chamber perfused with 30-32oC standard aCSF at 2-3 ml/min. 288 

Neurons were visualized with differential interference contrast using an Olympus BX51WI 289 

microscope attached to a Revolution XD spinning disk confocal system (Andor 252 Technology 290 

Ltd) for fluorescence microscopy.  291 

 292 

GFP+ neurons were identified with a 488 nm excitation wavelength; neurons which did not express 293 

visible GFP were considered to be GFP negative (GFP–). Whole-cell recordings on layer II-III 294 

mPFC pyramidal neurons were performed using borosilicate capillary glass-pipettes (1.5 mm outer 295 

diameter, 0.86 mm inner diameter), for intrinsic excitability and connectivity recordings filled with (in 296 

mM): 135 K-gluconate, 3 MgCl2, 4 NaCl, 5 HEPES, 5 EGTA, 2 Mg-ATP, 0.3 Na3-GTP (pH 7.25) 297 

and 100 μM Alexa 568 dye (A10437, ThermoFisher Scientific). For synaptic recordings (in mM): 298 
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0.1 Spermine, 120 CsCH3SO3, 5 NaCl, 10 TEA-Cl, 10 HEPES, 1.1 EGTA, 4 MgATP, 0.3 Na-GTP, 299 

0.001 QX314 (Lidocaine, Sigma-Aldrich) and 1% biocytin (Sigma-Aldrich). Pipette resistances 300 

ranged from 4-7 MΩ. Neurons were confirmed to be GFP+ during recording by co-localization of 301 

GFP and Alexa 568. Pyramidal neurons were identified based on their morphology and/or 302 

characteristic firing properties (Cao et al., 2009). Data were collected with a Multiclamp 700B 303 

amplifier (Molecular Devices), A/D board (PCI 6024E, National Instruments) and WinWCP and 304 

WinEDR Software (courtesy of Dr. John Dempster, University of Strathclyde, Glasgow, UK; 305 

http://spider.science.strath.ac.uk/sipbs/software_ses.htm). Signals were amplified, filtered at 4 kHz 306 

and digitized at 10 kHz. The Hum Bug noise eliminator (Quest Scientific) was used to reduce 307 

noise.  308 

 309 

Intrinsic excitability recordings:  310 

Pyramidal neurons were held at -65 mV for the duration of recording. The current clamp protocol 311 

consisted of 800 ms positive current injections from -60 pA incrementing in 4 pA steps. The liquid 312 

junction potential was -13.7 mV and was not accounted for. Spike counts were conducted using 313 

Stimfit (Guzman et al., 2014) while spike kinetics were analyzed with MiniAnalysis software 314 

(MiniAnalysis, Synaptosoft). See Table 1 for details on spike kinetic analysis. 315 

 316 

Synaptic physiology recordings:  317 

Recordings were undertaken in the presence of the GABAA channel blocker picrotoxin (100 μM; 318 

Sigma-Aldridge). sEPSCs were analyzed over a 30 s period with MiniAnalysis. Responses were 319 

evoked using 0.1 ms pulses through bipolar theta glass pipettes filled with extracellular solution, 320 

within 200 μm of the neuron. Series resistance was monitored using -10 mV voltage steps (100 321 

ms) and only cells maintaining stable access (<15% change) were included in the analyses. 322 

Paired-pulse ratios (PPR) were calculated by stimulating twice in succession and dividing second 323 

peak by the first peak (average of triplicate), across inter-stimulation intervals of 20, 40, 60, 80, 324 

100, 150 and 200 milliseconds. AMPAR/NMDAR current ratios were calculated from the averages 325 

of 10-20 evoked EPSCs at +40 mV with and without D-APV (50 μM, Cat #: HB0225, Hello Bio). For 326 

each neuron, the AMPAR current (with D-APV) was subtracted from the combined current (without 327 
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D-APV) to yield the NMDAR current. AMPAR current peak was divided by NMDAR current peak to 328 

yield AMPAR/NMDAR ratios. Traces in figures have stimulus artefacts removed.  329 

Connectivity Recordings:  330 

Pairs of pyramidal neurons located within 60 μm were targeted for dual recordings. Single action 331 

potentials were elicited from ‘Presynaptic’ neurons in current clamp mode using a 5 ms step 332 

current. ‘Postsynaptic’ neurons held in voltage clamp mode at -70 mV. A ‘connection’ was deemed 333 

if a presynaptic AP elicited an excitatory postsynaptic current response in at least 50% of 50 334 

sweeps. Upon completion of recording, assessment of connectivity was conducted in the opposite 335 

direction. 336 

 337 
Histology (Experiment 3): 338 
Fos-tTa and WT mice were anesthetized with 200 mg/kg, i.p. sodium pentobarbital and 339 

transcardially perfused with 4% paraformaldehyde (PFA). To assess mCherry expression, free-340 

floating sections were washed in Tris-buffered saline (TBS: 0.025 M Tris-HCl, 0.5 M NaCl, pH 7.5) 341 

and blocked in 10% normal goat serum (Cat # S-1000, VectorLabs, RRID:AB_2336615) in TBST 342 

(TBS, 0.2% Triton-X 100). Slices were incubated at 4 °C overnight in anti-mCherry primary 343 

antibody (Cat # ab205402, Abcam, RRID: AB_2722769) diluted 1/2000 In 3% normal goat serum 344 

TBST. The following day slices were incubated 2 h in anti-chicken 568 antibody (Cat# 20104-1, 345 

Biotium, RRID: AB_10853460) at 1/200 in TBST. Slices were mounted on Superfrost Plus slides 346 

(Cat # UY-48512-00, Cole-Parmer), air-dried, and coverslipped with PermaFluor (Cat#TA-030-FM, 347 

Thermo Scientific, RRID: SCR_014787). Fluorescence images of mCherry staining (Fig. 7B) from 348 

both left and right hemispheres of the anterior cingulate cortex of 2-4 coronal sections per animal, 349 

corresponding approximately to Bregma 1.2 (Paxinos and Franklin, 2001), were captured using QI 350 

click camera (Qimaging) attached to an Olympus Bx53 microscope (Olympus). Fos-tTA mice not 351 

expressing mCherry (n=2) were excluded from the study.  352 

 353 

in vivo 2-Photon imaging (Experiment 1): 354 

Habituation and imaging sessions:  355 
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Imaging sessions took place on head-fixed, awake mice that were able to freely run on a 356 

polystyrene cylinder (Fig. 3C). For ~1 week prior to the first imaging session, mice were habituated 357 

to being restrained by being head-fixed regularly for progressively increasing durations. Following 358 

habituation, the brain surface under the microprism was assessed and 2 to 3 areas of interest were 359 

defined. In each area of interest, z-stacks in both the red and green channels were recorded 360 

simultaneously at an excitation wavelength of 970 nm (power at the objective: 70-130 mW; pixel 361 

dwell time: ~3.9 ns) from the pial surface to a depth of approximately 300 μm. Each slice of the 362 

stack was an average of two 660.14 x 660.14 μm images (corresponding to 512 x 512 pixels; pixel 363 

size: 1.2695 x 1.2695 μm). Images were captured in pre-defined areas of interest using a 364 

Scientifica multiphoton microscope (Uckfield, UK) with a 16X water immersion objective (CFI LWD 365 

Plan Fluorite Physiology objective, NA 0.8, WD 3mm; Nikon Corporation, Tokyo, Japan) and a 366 

Chameleon Vision-S Ti:Sapphire laser with dispersion precompensation (Chameleon, Coherent, 367 

Santa Clara, USA). The software used for recording was ScanImage r3.8 (Pologruto et al., 2003).  368 

 369 

Imaging sessions took place 75 min following initiation of the 1st, 5th and 11th conditioning session 370 

as well as the cue exposure test (Fig. 3C). Another two imaging sessions took place directly from 371 

the home cage (2-3 days prior to conditioning and 5-8 days after the cue exposure test). Imaging 372 

sessions typically lasted 40 minutes to an hour. Of note, GFP expression observed during imaging 373 

is unlikely to be caused by previous behavioral sessions as imaging took place exclusively 374 

following AM sessions, approximately 18 hours from the previous PM session where GFP 375 

expression returns to baseline levels (Fig. 2A). Due to poor imaging quality on one or several 376 

imaging sessions, three mice (1 unpaired, 2 paired) were excluded from image analysis. 377 

 378 

Analysis: 379 

Image Analysis:  380 

Initial image processing took place in FIJI (ImageJ; Schindelin et al., 2012). tdTomato images 381 

within a stack were aligned to each other on x and y axes with MultiStackReg (Thevenaz et al., 382 

1998). The resulting transformation was then applied to the GFP image stack. Stacks were aligned 383 

between sessions using the Landmark Correspondence plugin (Stephen Saalfeld). An overlapping 384 
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volume within layer II/III and common to all sessions was identified and selected. All images in the 385 

selected stacks were despeckled and an FFT bandpass filter (upper threshold 40 pixels, lower 386 

threshold 5 pixels) was applied. Local maxima (noise tolerance: 30 pixels) were identified and the 387 

signal within a disk around the maxima (12 pixel diameter (15.234 μm) for GFP ‘signal’ and 16 388 

pixels diameter (20.312 μm) for tdTomato signal) was compared to the ‘noise’ surrounding it 389 

(2.5390 μm thick band, 1.2695 μm away from the disk). A cell was considered GFP+ or tdTomato+ 390 

(as appropriate) if ‘signal’ > ‘noise’ + 2.3 SD (noise) for at least two consecutive slices in the stack 391 

(Fig. 3B). Positive cells were recorded in an empty 3D matrix the size of the stack and later the x, y, 392 

z coordinates of each cell were extracted from the matrix using 3D object counter (Bolte and 393 

Cordelières, 2006). 394 

 395 

A custom Matlab (2016a, MathWorks, Natick USA) script defined whether each cell was a putative 396 

‘interneuron’ or ‘pyramidal cell’ according to whether tdTomato signal was detected in a cell for a 397 

majority of recorded sessions. Repeatedly activated neurons were then identified by sorting cells 398 

according to their expression in all recording sessions. For each session, a cell’s x, y, z 399 

coordinates were compared to those obtained from previous sessions. If the x, y and z coordinates 400 

fell within a 20 pixel interval (25.390 μm) of existing coordinates, it would be considered the same 401 

cell. If several existing coordinates fulfilled this condition, the cell was assigned to the closest set of 402 

coordinates on the x, y plane as defined by Euclidean distance. If no coordinates fulfilled this 403 

condition, the cell was considered newly activated. To account for inter-individual difference in cell 404 

density, GFP expression as well as any possible damages cause by microprism implantation to the 405 

tissue, all variables relating to GFP+ quantification were normalized to the average number of 406 

GFP+ cells detected in home cage sessions which was considered our baseline activation level 407 

(Fig. 3D). 408 

 409 

Experimental Design and Statistical Analysis: 410 

In the main text, we report all main and interaction effects that are key to data interpretation. All 411 

data were analyzed using GraphPad Prism (RRID:SCR_002798; GraphPad Software) and SPSS 412 
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(IBM SPSS Statistics, Version 23.0 (2015), Armonk, NY: IBM Corp). Group data are presented as 413 

mean±SEM.  414 

 415 

Fos-GFP time course expression data: All sample sizes are detailed in the legend of Figure 2. The 416 

goal of this experiment was to measure the number of activated neurons GFP-expressing in the 417 

dmPFC at different time points following novel context exposure (Fig. 2A). To this end, Fos-GFP 418 

mice were randomly assigned the 0, 1.5, 8, and 18 hours groups. Thus, depending on condition, 419 

Fos-GFP mice in the 1.5, 8, and 18 hours condition were initially exposed to a novel context for 25 420 

min and then remained in their home cages for an additional 65 min, 7 hours 35 min, and 17 hours 421 

35 min, respectively, and subsequently were deeply anesthetized and transcardially perfused with 422 

4% paraformaldehyde. Fos-GFP mice in the 0 hour condition were transcardially perfused without 423 

being exposed to the novel context. Following perfusions, we removed their brains and processed 424 

them for Fos-GFP immunohistochemistry. GFP expression data were analyzed using a one-way 425 

ANOVA in Prism, followed by post-hoc testing (Sidak correction).  426 

 427 

Experiment 1: Behavior and in vivo 2P imaging. All sample sizes are detailed in the legends of 428 

Figures 1, 3, and 4. The broad aim of this experiment was to characterize Fos-GFP expression 429 

patterns in activated pyramidal cells (Fos-GFP+/tdTomato– cells) and interneurons (Fos-430 

GFP+/tdTomato+ cells) as a function of appetitive conditioning and memory recall (Figs. 3 and 4). 431 

To this end, FGGT mice were randomly divided into Paired (conditioned) and Unpaired (control) 432 

groups, then underwent behavioral training (Fig. 1) and 2P imaging following S1, S5, and S11 of 433 

conditioning and a test for Recall (Figs. 3C and 4).  434 

 435 

First, to determine if Paired FGGT mice acquired a CS-US association, we measured head entries 436 

into the sucrose delivery magazine during the CS (cue-on) and ITI (no cue) periods (Figs. 1A and 437 

1B). This data was analyzed using a three-way mixed ANOVA using the factors of Cue (cue-on, no 438 

cue), Session, and Group (Paired, Unpaired; Fig. 1B). Additionally, for the Paired group only, we 439 

calculated selectivity indices (CS entries – ITI entries) / Total entries) and analyzed them using 440 

one-way repeated measures ANOVA in SPSS (Figs. 1D).  A proportion of mice from these groups 441 
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were randomly selected to undergo cue-evoked food seeking in Recall (Fig. 1C).  These data were 442 

analyzed using a two-way mixed ANOVA in Prism using the factors of Cue and Group. Following 443 

the two-way mixed ANOVA, a further post-hoc test was performed (Sidak correction) since an 444 

interaction was observed (P<0.05).   445 

 446 

We performed 2P imaging of GFP+ pyramidal cells and interneurons during baseline, conditioning 447 

and Recall.  Pyramidal cells and interneurons are affected differently by glutamatergic signaling 448 

(Riebe et al., 2016) suggesting distinct Fos induction thresholds, as such they were analyzed 449 

separately. Due to poor imaging quality on one or several imaging sessions, three mice (1 450 

Unpaired, 2 Paired) were excluded from image analysis. In order to determine if baseline GFP+ 451 

counts for pyramidal cells and interneurons were similar between groups, we examined the 452 

number of GFP+ neurons per mm3 with a two-way mixed ANOVA using the factors of Group and 453 

Session in Prism (Fig. 3D). Subsequent GFP+ counts were normalized to this baseline. To 454 

examine if the number of GFP+ neurons were modulated as a function of conditioning, we 455 

performed two-way mixed ANOVAs using the factors of Group x Session in Prism (Fig. 4A). We 456 

also examined whether conditioning modulated the number of repeatedly activated neurons 457 

according to their S1 activation history (S1+| S5+ S11+, S1- S5+ S11+), and performed two-way 458 

mixed ANOVAs using the factors of Activation History and Group in Prism (Fig. 4C). Following two-459 

way mixed ANOVAs, further post-hoc tests were performed (Sidak correction) if an interaction was 460 

observed (P<0.05). The results from the Recall test were analyzed for differences in Fos-GFP+ 461 

neurons using t tests in Prism (Fig. 4E).  Additionally, to determine whether conditioning modulated 462 

the number of recall-activated GFP+ neurons with a repeated activation history during conditioning 463 

according to their S1 activation (S1+| S5+ S11+ R+ or S1-| S5+ S11+ R+), we performed two-way 464 

mixed ANOVAs using the factors of Activation history and Group (Fig. 4F). Further post-hoc tests 465 

were performed (Sidak correction) if an interaction was observed (P<0.05). Also, to better 466 

characterize the proportion of neurons recruited in S1 and Recall according to their subsequent 467 

(Fig. 4D) and previous reactivation patterns (Figs. 4G), as well as characterizing the reactivation of 468 

repeatedly activated neurons (S1+| S5+ S11+) in Recall (Fig. 4H), chi-squared tests were 469 

performed on pooled neurons (Activation history X Group) in SPSS and further post-hoc 470 
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procedures (Beasley and Schumacker, 1995); Bonferroni correction) performed if a significant 471 

interaction was observed (P<0.05). 472 

 473 

Experiment 2: Ex vivo electrophysiology. All sample sizes are detailed in the legends of Figures 5, 474 

6 and 7. The purpose of the electrophysiological experiments was to reveal the intrinsic, synaptic 475 

and connectivity properties of recently activated GFP+ neurons and their surrounding GFP– 476 

neurons following the early (S1) and late (S11) phases of conditioning. Similar to Experiment 1, 477 

Fos-GFP and TetTag H2B-GFP mice were randomly assigned into Paired (conditioned) and 478 

Unpaired (control) groups and underwent identical behavioral training procedures. 1.5 hours 479 

following training session onset at S1 or S11 (Fos-GFP mice) and 3-7 d following S1 (TetTag H2B-480 

GFP mice) their brains were removed for electrophysiological analyses. Spike counts (Fig. 5A-C) 481 

were analyzed separately at S1 and S11 (unless specified otherwise in text), using three-way 482 

mixed ANOVAs including the factors of Group, GFP (GFP+, GFP–) and a repeated measures 483 

factor of Current (12 pA increments) in SPSS. Other intrinsic active and passive membrane 484 

properties (Tables 1 and 2) and synaptic properties (AMPAR/NMAR ratio, sEPSC amplitude and 485 

frequency; Fig. 6A-C) were analyzed using two-way ANOVAs with Group and GFP as factors, with 486 

S1 and S11 analyzed separately in Prism. Paired pulse ratios were analyzed using a three-way 487 

mixed ANOVA including the factors of Group, GFP, and inter-stimulus interval (ISI, in ms: 20, 40, 488 

60, 80, 100, 150, 200) in SPSS (Fig. 6D). Connectivity (Fig. 7) was determined using Fischer’s 489 

Exact test on 2 X 2 frequency matrices (column: Paired, Unpaired; row: Connected, Unconnected) 490 

separately for each pair type (+/+, +/–. –/+) and session condition (S1, S11) in SPSS. Average 491 

connectivity was calculated as: (sum of all connected pairs / total connections tested)*100. Outliers 492 

were detected using GRUBBS detection test (α = 0.05) in Prism and excluded from analyses. Post-493 

hoc tests were conducted using a Sidak’s multiple comparisons test, if significant interactions were 494 

observed.  495 

 496 

Experiment 3: DREADD manipulation of S1- and NC-tagged neurons.  All sample sizes are 497 

detailed in the legends of Figure 8. The goal of this experiment was to examine the behavioral 498 

effects of chemogenetically, repeatedly increasing the excitability of S1-tagged (activated) neurons 499 
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on appetitive conditioning. The experimental timeline is shown in Fig. 8A. To this end, Fos-tTa 500 

mice and their negative, wild-type (WT) littermates were injected with AAV2-TREtight-hM3Dq-501 

mCherry in the dmPFC for two separate experiments, ‘S1 tag’ and novel context or ‘NC tag’ (to rule 502 

out effects of general tagging). Fos-tTA and WT mice were randomly assigned to the S1 and NC 503 

tag conditions. Data from these conditions were analyzed separately.  504 

 505 

In order to determine if repeated hM3Dq activation of S1- and NC-tagged neurons via clozapine 506 

modulated conditioning, head entries (Figs. 8D and 8G) were analyzed using three-way mixed 507 

ANOVAs using the factors of Genotype (Fos-tTA, WT), Cue, and Session in SPSS, and the 508 

selectivity index data (Figs. 8C and 8F) were analyzed using two-way mixed ANOVAs using the 509 

factors of Genotype and Session in Prism. Following two-way mixed ANOVAs, further post-hoc 510 

tests were performed (Sidak correction) if an interaction was observed (P<0.05). To test the effects 511 

of repeated hM3Dq activation on cue-evoked food-seeking during Recall, head entries were 512 

analyzed using two-way mixed ANOVAs using the factors of Genotype and Cue in Prism (Figs. 8E 513 

and 8H).  514 

 515 
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Results 516 

 517 

Appetitive conditioning shapes CS-selective approach behaviors in FGGT mice 518 

Microprism-implanted Fos-GFP x GAD-tdTomato (FGGT) mice were trained on a simple appetitive 519 

conditioning task (Fig 1A) under freely-moving conditions. Across the 12 acquisition sessions (1-2 520 

sessions per day), mice assigned to the Paired group received repeated trials during which an 521 

auditory cue (CS) was paired with liquid sucrose delivery (US). Mice in the Unpaired (control) 522 

group received an equal number of CS presentations in the conditioning chamber, but received 523 

sucrose in their home cage only. As such, this group controlled for factors such as the effects of 524 

handling, and exposure to the conditioning chamber, CS and US. Three days following the last 525 

acquisition session, mice were tested on a CS-US memory recall test conducted under extinction 526 

conditions (Fig. 1A). Similar to our recent study (Ziminski et al., 2017), initial analysis of acquisition 527 

and recall test performance revealed significant interaction effects of Cue X Session X Group (Fig. 528 

1B; F11,220=5.94, P<0.001) and Group X Cue (Fig. 1C; F1,11=15.46, P<0.01), respectively, indicating 529 

cue-selective approach responding or food seeking during the CS versus the Inter-Trial Interval (ITI, 530 

no cue) periods. We further assessed conditioning performance by calculating a ‘Selectivity Index’ 531 

(Fig. 1D) by subtracting ITI from CS-trial head entry counts and normalizing to total head entries. 532 

During acquisition, there was a significant effect of Session (F11,121=9.50, P<0.001) in the Paired 533 

group, indicating that Paired mice came to selectively respond to the CS as a function of training.  534 

 535 

The time course of Fos-GFP expression 536 

In Fos-GFP mice, a transgene containing a c-fos promoter drives expression of a gene encoding a 537 

fusion protein of Fos and green fluorescent protein (GFP) in behaviorally-activated neurons (Barth 538 

et al., 2004; Koya et al., 2012). We characterized the time course of GFP expression in the dorsal 539 

mPFC (dmPFC) following 0, 1.5, 8, and 18 hours exposure to a novel context (locomotor activity 540 

chamber). A one-way ANOVA followed by post-hoc testing revealed that GFP expression was 541 

significantly elevated at 1.5 compared to 0, 8, and 18 hours and that there were no differences 542 

between the 0, 8, and 18 hours groups. (F3,15=19.72, P<0.001; Fig. 2A). Thus, GFP expression 543 

peaked at 1.5 hours and returned to baseline levels at 8 and 18 h. These and other findings (Barth 544 
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et al., 2004; Cifani et al., 2012) further validate the use of Fos-GFP as a recent, but not a remote 545 

marker, of neuronal activity. Hence, we performed our in vivo imaging and ex vivo 546 

electrophysiological characterization of Fos-GFP-expressing neurons following ~1.5 hours from the 547 

initiation of behavioral testing. 548 

 549 

As the CS-US association is established, a stable neuronal ensemble is recruited from a 550 

wider pool of neurons activated in the initial conditioning session 551 

We used 2P imaging in microprism-implanted FGGT mice to characterize activation among 552 

pyramidal cells (tdTomato–) and interneurons (tdTomato+) in layers II/III of the dorsal medial 553 

prefrontal cortex (dmPFC; Fig. 3A, B, C). In order to assess baseline GFP expression, we first 554 

examined the number of GFP+ pyramidal cells and interneurons per mm3 in mice that have been in 555 

the home cage (HC) for at least 24 h. Imaging sessions were conducted both before (HC1) and 556 

after (HC2) mice underwent behavioral training. We observed no significant interaction effect of 557 

Group X Session for pyramidal cells (F1,17=0.02, P=0.89) and interneurons (F1,17=1.84, P=0.19; Fig. 558 

3D). Thus, behavioral training did not modulate baseline GFP expression for both cell types. In 559 

further analyses, to account for inter-individual differences in cellular density and GFP expression, 560 

the number of HC1 and HC2 GFP+ pyramidal cells and interneurons were averaged for each 561 

mouse and used to normalize subsequent GFP+ cell counts.  562 

 563 

Approximately 80-90 min following the initiation of the 1st, 5th, and 11th acquisition sessions and the 564 

recall session, we used 2P imaging to characterize neuronal activation patterns among pyramidal 565 

cells and interneurons in the dmPFC (Fig. 3A, B, C). Hence, the observed GFP expression reflects 566 

neuronal activity of the dmPFC during the behavioral sessions under freely moving conditions. We 567 

first assessed the overall number of strongly activated, GFP+ pyramidal cells and tdTomato+ 568 

interneurons on the 1st (S1), 5th (S5), and 11th (S11) conditioning sessions (Fig 4A), which occurred 569 

2-3 days apart from each other (since 1-2 sessions are conducted per day). No significant 570 

interactions of Group X Session were observed in pyramidal cells (F2,34=0.20, P=0.82) or 571 

interneurons (F2,34=0.06, P=0.95), indicating that the total number of activated neurons across 572 

acquisition sessions did not fluctuate as a function of conditioning for either cell type in the dmPFC.  573 
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Repeated, persistent activation of the same set of neurons in the nucleus accumbens underlies 574 

conditioning using a drug reward, suggesting that such neurons with repeated activation history 575 

encode associative information (Mattson et al., 2008). Moreover, activity in the motor cortex early 576 

in learning of a simple motor task is a critical determinant for ensemble consolidation (Cao et al., 577 

2015). Thus, we investigated whether appetitive Pavlovian conditioning preferentially recruits a 578 

learning-relevant, repeatedly activated ensemble from a wider pool of candidate neurons activated 579 

at S1, prior to the development of a robust CS-evoked food seeking response. To this end, 580 

Unpaired and Paired groups were assessed and compared for the number of GFP+ neurons in two 581 

distinct ‘Activation History’ categories: neurons that were persistently activated (+) in S5 and S11, 582 

following activation in S1 (S1+| S5+ S11+), or neurons activated in S5 and S11, but that were not 583 

activated on the initial conditioning session (S1-| S5+ S11+; Fig. 4B & 4C). In pyramidal cells, there 584 

was a significant interaction effect of Activation History X Group (F1,17=5.97, P<0.05), followed by a 585 

significant main effect of Activation History (F1,17=61.75, P<0.001), but not Group (F1,17=1.17, 586 

P=0.29). Conversely, there was no significant interaction effect of Activation History X Group in 587 

interneurons (F1,17=0.17, P=0.68), but  a significant main effect of Activation History (F1,17=8.10, 588 

P<0.05), but not Group (F1,17=1.10, P=0.31). Hence, conditioning recruited a repeatedly activated 589 

ensemble from a pool of pyramidal cells activated in S1.  590 

 591 

Having established the relevance of S1 activation to the development of a neuronal ensemble as a 592 

function of conditioning, we wanted to better characterize neurons recruited in S1 and in particular, 593 

their subsequent reactivation patterns (Fig. 4D). To this end, we assessed the proportion of S1-594 

activated neurons that were reactivated in S5 only (S1+| S5+ S11-), S11 only (S1+| S5- S11+) or 595 

S5 and S11 (S1+| S5+ S11+) as well as neurons activated in S1 but not S5 and S11 (S1+| S5- 596 

S11-). During conditioning, there was a significant interaction of Activation History X Group for both 597 

pyramidal cells (X2
3=58.98, P<0.001) and interneurons (X2

3=41.63, P<0.001). Of note, there was a 598 

significantly higher proportion of S1+| S5+ S11+ neurons reactivating in Paired mice compared to 599 

Unpaired mice (P<0.05) for both pyramidal cells and interneurons. Furthermore, only 29% of S1-600 

activated neurons were recruited into the persistently activated ensemble (S1+| S5+ S11+). 601 

 602 
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We also characterized neuronal activation patterns of pyramidal cells and interneurons following 603 

the Recall test (Fig. 4E). We observed a significantly higher number of pyramidal cells recruited 604 

following Recall in Paired mice compared to Unpaired mice (t10=2.40, P<0.05). We did not observe 605 

a significant effect in interneurons (t10= 0.67, P=0.52). 606 

 607 

Next, we compared the number of GFP+ neurons activated during the test for recall with a S1+| 608 

S5+ S11+ or S1-| S5+ S11+ activation history (Fig. 4F). In pyramidal cells, there was a significant 609 

interaction effect of Activation History X Group (F1,10=7.65, P<0.05), and main effects of Activation 610 

History (F1,10=155.3, P<0.001) and Group (F1,10=5.90, P<0.05). Post-hoc testing revealed a 611 

significant increase in the number of S1+| S5+ S11+ neurons activated during Recall (S1+| S5+ 612 

S11+ R+) in Paired mice compared to Unpaired mice (P<0.01). There was no significant 613 

interaction of Activation History X Group in interneurons (F1,10=0.24, P=0.64), but a significant main 614 

effect of Activation History (F1,10=44.69, P<0.001), but not Group (F1,10=1.93, P=0.20). Thus, similar 615 

to the conditioning phase, memory recall recruited an ensemble that was persistently activated 616 

from a pool of pyramidal cells activated in S1.  617 

 618 

We also assessed the proportion of Recall-activated neurons that had been repeatedly reactivated 619 

in Acquisition following activation in S1 ((S1+| S5+ S11-), (S1+| S5+ S11+), (S1+| S5- S11+); 620 

Fig.4G). There was a significant interaction of Activation History X Group for both pyramidal cells 621 

(X2
3= 77.51; P<0.001) and interneurons (X2

3= 13.54; P<0.001). Notably, there was a significantly 622 

higher proportion of Recall-activated pyramidal cells and interneurons also activated in Acquisition 623 

S1, S5 and S11 in Paired mice compared to Unpaired mice (P<0.05). There was also a higher 624 

proportion of pyramidal cells with a S1+| S5+ S11- history, suggesting S1 recruitment may be 625 

involved in conditioning-specific activation dynamics beyond the recruitment of a stable ensemble. 626 

Furthermore, only 23% of Recall-activated pyramidal cells exhibited a repeated activation history 627 

during conditioning (S1+| S5+ S11+). 628 

 629 

Of note, 65% (UP) to 66% (P) of pyramidal cells and 61% (UP) to 63% (P) of interneurons that 630 

were repeatedly activated in acquisition (S1+|S5+ S11+) were reactivated in Recall (Fig. 4H). 631 
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There was no significant interaction of Group X Activation history for pyramidal cells (X2
1= 0.42, 632 

P=0.52) or interneurons (X2
1= 0.55, P=0.46), suggesting that conditioning does not modulate the 633 

likelihood of reactivation of persistently activated neurons in Recall. A point to consider here is that 634 

while a similar proportion of persistently activated neurons are reactivated in Recall in both groups, 635 

this reflects a greater number of these persistently activated neurons in the Paired group compared 636 

to the Unpaired group following conditioning. This is a result of persistently activated neurons being 637 

more numerous in Paired mice.  638 

 639 

Taken together, we demonstrate that during the establishment and recall of a CS-US association, 640 

a stable, persistently activated ensemble is recruited in the mPFC from a pool of pyramidal cells 641 

that were initially activated in S1, when the acquisition of robust CS-US representations is yet to 642 

occur. Thus, activation in early learning may be a factor in allocating neurons to a stable 643 

conditioning specific ensemble. 644 

 645 

Activation of a hyper-excitable pool of neurons following the initial conditioning session 646 

Having established activation at S1 as a potential factor that modulates recruitment of neurons into 647 

an ensemble, we next determined the physiological properties of pyramidal cells activated during 648 

the initial conditioning session, prior to the development of cue-selective food seeking. The 649 

regulation of GFP+/GFP– excitability is thought to improve the signal-to-noise ratio of activated 650 

ensemble neurons (Whitaker and Hope, 2018). Thus, we initially analyzed the excitability of GFP+ 651 

and GFP–  pyramidal cells in Paired and Unpaired Fos-GFP mice 90 min following initiation of S1 652 

and observed significant alterations in firing capacity across groups (Fig. 5A; Group X Cell Type X 653 

Current F12,600=6.38, P<0.001). Further analysis revealed a significant difference in excitability 654 

between GFP+ and GFP–  neurons in Paired (Cell Type X Current, F12,348=9.42, P<0.001), but not 655 

Unpaired mice (Fig. 5A; F12,252=0.69, P=0.76). We then examined the underlying intrinsic 656 

adaptations that may contribute to the increased firing capacity of GFP+ neurons (Table 1). In 657 

Paired mice only, the input resistance (Ri) as measured by shifts in the current-voltage (I/V) curves 658 

of GFP+ neurons increased following S1 (Group X Cell Type X Current, F25,1200=3.81, P<0.001; 659 

Paired: Cell Type X Current, F25,700=6.85, P<0.001). Similarly, we observed a decrease in the 660 
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rheobase or current necessary to elicit an action potential (Group x Cell Type, F1,49=6.64, P<0.05). 661 

We observed no other interaction effects for the action potential peak, half width, threshold, or 662 

afterhyperpolarization (AHP; both fast and medium). Taken together, S1 activated a pool of GFP+ 663 

neurons that were hyper-excitable compared to GFP– neurons. This hyper-excitability is 664 

associated with conditioning as it was not observed in GFP+ neurons of control mice that received 665 

unpaired presentation of sucrose and the cue.   666 

 667 

Next, we determined whether the hyper-excitability of neurons activated on S1 persisted across 668 

days following acquisition (Fig. 5C). To address this question, we tagged neurons activated 669 

following S1 in Paired and Unpaired TetTag H2B-GFP mice (Tayler et al., 2013) and measured 670 

their intrinsic excitability 3-7 d following training under baseline conditions. 671 

 672 

We observed no selective alterations in firing capacity (Group X Cell Type X Current, F12,588=1.77, 673 

P=0.97) nor any significant interactions of Group X Cell Type for all other intrinsic properties (Table 674 

2). We did observe a main effect of Cell Type in the firing capacity (F12,588=3.62, P<0.001) 675 

associated with an increase in the I/V curves of H2B-GFP+ neurons (F25,1225=5.01, P<0.001), 676 

indicating behaviorally-activated dmPFC neurons generally exhibit a mild increased baseline 677 

excitability (Fig. 5C; Table 2). Thus, although we did not examine excitability properties related to 678 

acute behavioral arousal immediately following S1 in TetTag H2B-GFP mice, taken together with 679 

the Fos-GFP mice findings from S1 suggests that the hyper-excitability of the S1-activated 680 

neuronal pool is not persistently maintained.   681 

 682 

We next determined the excitability properties of neurons activated in late conditioning following 683 

S11. We analyzed the excitability of GFP+ and GFP– pyramidal cells following S11. We observed 684 

no alterations in firing capacity across groups (Fig. 5B; Group X Cell Type X Current, F12,744=1.21, 685 

P=0.27). We did observe a significant interaction effect in the I/V curves (Group X Cell Type X 686 

Current, F25,1550=2.16, P<0.001), underpinned by a GFP– increase in Unpaired mice (Cell Type X 687 

Current, F25,700=2.93, P<0.001) and a significant fAHP interaction (Group X Cell Type, F1,61=4.73, 688 

P<0.05) driven by a GFP– decrease in Paired (P<0.05) but not Unpaired (P=0.50) mice, 689 
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suggesting that some modulation of underlying parameters did occur (Table 1). We detected no 690 

other interaction effects in any other measured electrophysiological properties.  691 

To confirm that the hyper-excitability of activated neurons we had observed in S1 was transient, we 692 

directly compared the firing capacity of GFP+ and GFP– neurons across S1 and S11 in Paired 693 

mice. As expected, we observed a significant change in firing capacity between S1 and S11 694 

(Session X Cell Type X Current, F12,756=4.38, P<0.001). This was driven by an increase in the 695 

excitability of GFP+ neurons in S1 compared to S11 (F12,384=2.70, P<0.01) concurrent with a 696 

decrease in the excitability of GFP– neurons (F12,372=1.81, P<0.05). Underpinning this alteration 697 

was a shift in the I/V curves of Paired mice (Figs. 5A and B (inset); Session X Cell Type X Current, 698 

F25,1550=5.02, P<0.001), due to an increase in GFP+ neurons (F25,800=3.34, P<0.001) and a 699 

decrease in GFP– neurons (F25,750=1.89, P<0.01). We also observed a significant change in the 700 

medium afterhyperpolarisation (mAHP; Session X Cell Type F1,62=10.50, P<0.01) determined by 701 

an increase in GFP– neurons (P<0.05) but not GFP+ neurons at S1.  702 

 703 

In the Unpaired group, we observed no significant changes in firing capacity of GFP+ and GFP–704 

 neurons between S1 and S11 (Group X Cell Type X Current, F12,588=0.88, P=0.57). We did 705 

observe an interaction effect on S1 and S11 I/V curves (Figs. 5A, B (inset); Session X Cell Type X 706 

Current F25,1200=1.54, P<0.05), underpinned by an increase in GFP– (F25,575=3.13, P<0.001) but not 707 

GFP+ (F25,625=0.45, P=0.99) neurons and in the rheobase (F1,62=4.79, P<0.05). Together, our 708 

findings reveal how hyper-excitability in behaviorally-activated neurons occur via bidirectional 709 

modulation of excitability in activated and non-activated neurons. 710 

 711 

Conditioning-selective synaptic alterations are not observed in neurons activated in S1 and 712 
S11 713 

Alterations in synaptic strength are thought to encode associative memories (Takeuchi et al., 2014). 714 

We therefore examined glutamatergic pre- and post-synaptic function in GFP+ and GFP– neurons 715 

following S1 and S11. We assessed synaptic strength using the AMPAR/NMDAR ratio, 716 

spontaneous excitatory post-synaptic current (sEPSC), and presynaptic release properties using 717 

paired-pulse ratios (PPRs). AMPAR/NMDAR ratios (Fig. 6A; Group X Cell Type, F1,19=0.39, 718 
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P=0.54), sEPSC frequency (Fig. 6B; Group X Cell Type, F1,73=1.75, P=0.19) and amplitude (Fig. 719 

6C; Group X Cell Type, F1,73=0.74, P=0.39), and PPRs (Fig. 6D; Stimulus Interval X Group X Cell 720 

Type F6,156=0.38, P=0.89) were not modulated in S1.  721 

 722 

Equally, following S11 we measured no significant interaction for AMPAR/NMDAR ratios (Fig. 6A; 723 

Group X Cell Type, F1,19=0.01, P=0.92), although there was a main effect of Cell Type (F1,19=5.66, 724 

P<0.05). Furthermore, we found no interaction effects for the sEPSC frequency (Fig. 6B; Group X 725 

Cell Type F1,76=0.20, P=0.66), amplitude (Fig. 6C; Group X Cell Type F1,76=0.05, P=0.83). However, 726 

we detected a main effect of Cell Type on the sEPSC frequency (Cell Type F1,76=12.41, P<0.001). 727 

This frequency alteration was not due to changes in presynaptic function (Fig. 6D; Stimulus Interval 728 

X Group X Cell Type, F6,150=1.01, P=0.42). 729 

 730 

Connectivity changes are not observed in neurons activated in S1 and S11 731 

Increased connectivity between neurons is thought to facilitate the establishment of CS-US 732 

representations (Choi et al., 2018; Ryan et al., 2015). We thus targeted GFP+ and GFP– neurons 733 

with paired electrophysiological recordings to determine whether appetitive conditioning increased 734 

ensemble connectivity. We analyzed the probability of a connection between GFP+ to GFP+ (+/+), 735 

GFP+ to GFP– (+/-) and GFP– to GFP+ (-/+) neurons across groups on S1 and S11 (Fig. 7A). 736 

Average connectivity probability was 9.88% between pyramidal pairs, in line with previous reports 737 

(Markram et al., 1997). We observed no change in connection probability between any neuron type 738 

in S1 and S11 (Fisher’s Exact Test; Group X Connection, S1: +/+ P=0.61, +/- P=0.23, -/+ P=0.34; 739 

S11: +/+ P=1.00, +/- P=1.00, -/+ P=1.00; Fig. 7B).  740 

 741 

Persistent excitability enhancement of S1-activated neurons impairs learning.  742 

Neurons activated during S1 were hyper-excitable when mice did not exhibit cue-selective food 743 

seeking.  To examine their behavioral role, we tagged neurons activated during S1 with the 744 

excitatory DREADD ‘hM3Dq’ in Fos-tTA mice using the TetTag DREADD approach (Figs. 8A, 8B) 745 

(Zhang et al., 2015). We repeatedly activated these tagged neurons using systemic injections of 746 

the hM3Dq agonist ‘clozapine’ (0.1 mg/kg) (Gomez et al., 2017) to artificially enhance excitability 747 
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throughout conditioning. This compound is a metabolite of the widely-used hM3Dq agonist 748 

clozapine-N-oxide, and has recently been shown to serve as the agonist at hM3Dq in vivo (Gomez 749 

et al., 2017). Fos-tTA mice and control wild-type (WT) mice not tagged with hM3Dq underwent 750 

acquisition and recall test sessions as before.   751 

 752 

During acquisition (Fig 8D), there was a significant interaction effect of Cue X Session (F11,176=6.94, 753 

P<0.001) and a significant effect of Cue during Recall (Fig. 8E; F1,16=9.03, P<0.01) on 754 

discriminated approach performance. Moreover, we observed a significant interaction effect of Cue 755 

X Session X hM3Dq (F11,176=2.00, P<0.05) on the number of responses (Fig. 8D). As before, we 756 

calculated the ‘Selectivity Index’ (Fig. 8C) and found a significant interaction of hM3Dq X Session 757 

(F11,176=3.81, P<0.001) and post-hoc testing revealed significantly decrease cue-selective 758 

responding in Fos-tTA mice on a number of sessions (P<0.05). Thus, persistently enhancing the 759 

excitability of S1-activated neurons interfered with conditioning. During the test for recall, we 760 

observed a near significant interaction of hM3Dq X Cue (Fig. 8E; F1,16=3.82, P=0.068) on the 761 

number of approach responses.  762 

 763 

To confirm that these effects were relevant to S1-activated neurons, we repeatedly enhanced the 764 

excitability of neurons tagged following exposure to a neutral, novel context (NC) exposure (Fig. 765 

8F). The exposure procedure activates neurons that are distinct from those activated by discrete 766 

(would-be) appetitive cues (Cruz et al., 2013; Fanous et al., 2012). We observed a significant 767 

interaction effect of Cue X Session on approach responses during acquisition (F11,176= 5.19, 768 

P<0.001) and a significant effect of Cue during recall (F1,16=45.53, P<0.001; Fig. 8H), again 769 

indicating robust conditioning in our procedure. However, we observed no significant effect of 770 

hM3Dq in acquisition (Fig. 8G) on the number of approach responses, and analysis of the 771 

Selectivity Index also revealed no significant interaction effect of hM3Dq X Session (F11,176=0.32, 772 

P=0.97; Fig. 8F). Furthermore, we did not observe a significant interaction effect of hM3Dq X Cue 773 

on the number of responses during recall (Fig. 8H; F1,16=0.32, P=0.88). Thus, in contrast to S1-774 

tagged neurons, persistently enhancing the excitability of NC-tagged neurons did not affect 775 

conditioning. 776 
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 777 

Of note, all sessions in which clozapine was delivered were performed in the afternoon, closer to 778 

feeding time. We have previously observed in our that PM sessions often show poorer response 779 

selectivity than AM session in our task (Fig. 1C). Thus, while we did observe decreased 780 

performances at sessions 2, 4, 6, 8, 10, 12, this is not likely due to clozapine delivery. 781 

 782 

  783 
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Discussion 784 

We show that the establishment of a CS-US association and cue-selective food-seeking, is 785 

associated with the recruitment of a stable, repeatedly activated subset of pyramidal cells in the 786 

dmPFC from a wider pool of neurons activated in the initial conditioning session (S1), when mice 787 

did not exhibit cue-selective food-seeking. A minority (29%) of pyramidal cells from this wider pool 788 

of candidate neurons were recruited into this ensemble. This recruitment was indicated by 789 

consistent reactivation across conditioning and in memory recall. S1-activated neurons exhibited 790 

hyper-excitability, which was not observed at later stages of conditioning when mice acquired cue-791 

selective food seeking. Repeatedly enhancing the excitability of S1-tagged neurons during 792 

conditioning disrupted acquisition of a cue-discriminated appetitive performance. We provide novel 793 

insights into neuronal ensemble formation and how they may encode cue-evoked appetitive 794 

memories that control food seeking. Moreover, we identify a potential mechanism that determines 795 

which neurons become incorporated to form these ensembles.  796 

 797 

Appetitive memory formation recruits a stable group of pyramidal cells from the initial 798 

conditioning session 799 

CS-activated neurons are a small subset (~6-12%) of the total neuronal population (Bossert et al., 800 

2011; Fanous et al., 2012), and their selective silencing in the mPFC disrupts reward seeking, 801 

indicating their role in CS-US memory encoding (Bossert et al., 2011; Suto et al., 2016). However, 802 

these studies did not examine whether a subgroup of these neurons were repeatedly activated 803 

during learning. During CS-evoked memory recall, we revealed increased recruitment of a 804 

pyramidal cell ensemble that exhibited a stable activation history during conditioning, suggesting its 805 

role in cue-selective food seeking. These stably activated neurons were originally recruited in the 806 

initial conditioning session, and that activation history may influence their inclusion into a 807 

conditioning ensemble. Moreover, only 23% of neurons activated during memory recall exhibited 808 

persistent activation throughout acquisition. Our findings illuminate how a subgroup of neurons 809 

within a population of CS-activated neurons may encode a CS-US memory. They raise the 810 

intriguing possibility that methods which manipulate appetitive behaviors by silencing CS-activated 811 

neurons (Suto et al., 2016) may exert their effects through such a neuronal subgroup with a 812 
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repeated learning activation history. However, the tools to selectively manipulate this subgroup in 813 

order to confirm this idea are currently unavailable. Finally, in general, more neurons were 814 

persistently activated in all sessions compared to neurons activated in mid and late, but not early 815 

conditioning, a similar pattern also observed in Recall-activated neurons. Since mPFC neurons 816 

participate in contextual encoding during exploration (Hyman et al., 2012), such persistently 817 

activated neurons may encode environmental features of the training context following its repeated 818 

exposure. 819 

 820 

We did not observe the enhanced recruitment of a repeatedly activated subset of interneurons 821 

during conditioning and memory recall (Fig. 4C, F). However, we did observe an increased 822 

reactivation likelihood following S1 at an overall population level (Fig. 4D, G). These seemingly 823 

discrepant findings may arise from individual variability across mice, which the population analysis 824 

does not consider. Also, we did not account for the various interneuron subclasses with different 825 

functional characteristics, which exhibit differential activity during food-seeking (Gaykema et al., 826 

2014). Moreover, in the hippocampus certain interneuron subclasses are recruited during learning 827 

and regulate excitatory ensemble recruitment (Stefanelli et al., 2016), and hippocampal 828 

interneurons exhibit excitability alterations following conditioning (McKay et al., 2013). Additional 829 

work is necessary to elucidate the role of specific dmPFC interneuron subtypes and their 830 

excitability alterations during appetitive conditioning. 831 

 832 

Conditioning-related parameters modulate the excitability of behaviorally-activated neurons 833 

We identified a hyper-excitable pool of pyramidal cells activated on the initial, but not late 834 

conditioning session in Paired mice. These excitability alterations might be related to temporally 835 

contiguous CS and US presentations, as they were not observed in GFP+ neurons of Unpaired 836 

mice that received CS and US presentations at disparate times. Currently, we cannot rule out if this 837 

hyper-excitability was present prior to S1. Therefore in Paired mice, a pre-existing elevated 838 

baseline excitability may have rendered certain neurons to become activated in S1 and thus 839 

express GFP (Gouty-Colomer et al., 2016; Yiu et al., 2014).  840 

 841 
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The hyper-excitability in Fos-GFP mice following conditioning was observed several hours after 842 

behavioral testing. This prolonged excitability increase may induce long-term plasticity which function 843 

to promote memory consolidation following the conditioning session, by facilitating ensemble 844 

reactivation that occurs many hours following training (de Sousa et al., 2019). An interesting future 845 

investigation is to determine how a baseline or training-induced hyper-excitability of dmPFC S1-846 

activated neurons influences ensemble recruitment. However, a direct link between such hyper-847 

excitability and ensemble recruitment is difficult to establish. Currently, we cannot identify and 848 

measure the excitability in vivo from those S1-activated neurons that will become recruited to the 849 

ensemble throughout conditioning. Nevertheless, the proposed roles of hyper-excitability in 850 

memory and our imaging findings raise the possibility that the stable conditioning-related ensemble 851 

emerges from a hyper-excitable neuronal pool activated in the initial conditioning session.  852 

 853 

Implications of excitability alterations on behaviorally-activated neurons 854 

Chemogenetically enhancing the excitability of the neuronal pool activated in S1 throughout 855 

conditioning interfered with mice acquiring a reliable cue-evoked food-seeking response. Thus, the 856 

dissipation of neuronal hyper-excitability may be necessary to acquire robust cue-evoked food 857 

seeking. However, in a study by Volle et al. (2016), increasing mPFC hyper-excitability using 858 

widespread hM3Dq expression resulted in potentiated trace conditioning. They proposed that this 859 

manipulation facilitated animals to acquire low-grade associations (e.g. under conditions of low 860 

temporal contiguity or poor contingency) that would otherwise fail to support robust learning. 861 

Therefore, our mice with enhanced excitability may have learned relevant, but also irrelevant or 862 

spurious associations between the US and other stimuli (or interoceptive events), leading to 863 

disrupted discriminative performance. In support, lesion studies suggest the dmPFC promotes the 864 

formation of relevant and precise associations that enable proper cue discrimination (Bussey et al., 865 

1997; Cardinal et al., 2002; Parkinson et al., 2000).  Although we used activity-based tagging, our 866 

DREADD manipulation was not cell-type specific. However, we observed that the vast majority of 867 

GFP+ neurons were pyramidal cells (Fig. 3D), consistent with our recent study (Ziminski et al., 868 

2017). 869 

 870 
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From a behavior ecology perspective, Macarthur and Pianka theorized that animals would tend 871 

towards optimal foraging behaviors in which they minimize time and energy spent food seeking 872 

(MacArthur and Pianka, 1966). In our learning task, this is related to reduced non-specific 873 

responses (i.e. high selectivity index). We observed attenuated selectivity and high non-selective 874 

responses following repeated chemogenetic excitability enhancements of S1-activated neurons. 875 

Collectively, we theorize that early conditioning activates a hyper-excitable neuronal pool in the 876 

dmPFC to facilitate the selection of neurons into a stable ensemble that eventually supports a 877 

robust CS-US association. Given the role of the dmPFC in attention and motivation (Bryden et al., 878 

2011; Cardinal et al., 2002; Parkinson et al., 2000; Totah et al., 2009), neuronal hyper-excitability 879 

helps engage these processes during initial CS-US formation. However, this hyper-excitability non-880 

selectively amplifies environmental stimuli and decreases the signal-to-noise ratio of extracted 881 

information. Therefore, this excitability needs to renormalize during the transition from non-882 

selective to selective responding to food cues, to promote to optimal food-seeking.  883 

 884 

No observed learning-relevant changes in synaptic properties and connectivity   885 

We observed no selective learning-induced changes in the synaptic strength nor connectivity of 886 

activated neurons, in contrast to other observations following establishment of aversive 887 

associations (Choi et al., 2018; Gouty-Colomer et al., 2016; Ryan et al., 2015). Several factors may 888 

have contributed to this difference. First, mice received sucrose under food-restriction, which can 889 

induce synaptic strength alterations (Peng et al., 2015). We observed decreases in 890 

AMPAR/NMDAR ratios and sEPSC frequency in GFP+ neurons in Paired and Unpaired mice at 891 

S11. Thus, synaptic alterations in neurons repeatedly activated by sucrose may have masked 892 

learning-related synaptic adaptations that contribute to stable ensemble formation. Also, mPFC 893 

synaptic changes may not occur immediately following learning, but develop later in a 894 

hippocampal-dependent process (Restivo et al., 2009). Thus, a prolonged delay following 895 

appetitive learning (e.g. weeks) that is associated with memory engram maturation (Kitamura et al., 896 

2017) may better reveal learning-selective synaptic changes. Finally, recent studies have 897 

demonstrated learning-induced increases in ensemble intra-connectivity by using optogenetic 898 

ensemble stimulation in one brain area while recording from a target ensemble neurons in another 899 
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(Choi et al., 2018; Ryan et al., 2015). Our lack of observed connectivity changes may be due to 900 

utilization of paired recordings, in which connections between individual activated neurons were 901 

locally assessed rather than across two different brain areas.   902 

 903 

Conclusion and future directions 904 

Despite appetitive conditioning’s importance in survival, few studies have established its precise 905 

mechanisms at the neuronal ensemble level in the mPFC. We provide the initial key evidence 906 

regarding dmPFC ensemble recruitment and corresponding excitability alterations that reflect 907 

different stages of optimal food-seeking. Further investigations are necessary to determine which 908 

hyper-excitable neurons activated early in our conditioning procedure will become allocated to the 909 

CS-US ensemble. Hence, tools to measure neuronal excitability and recruitment in vivo need to be 910 

developed to identify the properties that determine this recruitment process. This will allow us to 911 

better grasp the principles that govern neuronal ensemble recruitment and its alterations for 912 

establishing associative memories.  913 

 914 

 915 

  916 
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Figure Legends 1076 
 1077 
Figure 1: Experimental timeline and conditioned approach performance in FGGT mice. (A) 1078 

Timeline of conditioning and imaging sessions (1-2 sessions per day). (B) Head entries into the 1079 

magazine during the CS (cue-on) compared to ITI (no cue) periods as a function of conditioning 1080 

session. (C) Approach responses during CS and ITI trials during the test for recall by Paired and 1081 

Unpaired groups. (D) ‘Selectivity index’ (CS-ITI/total number head entries) of Paired mice during 1082 

Acquisition and Recall. All data are expressed as Mean±SEM *** P<0.001; Paired (P) n=12, 1083 

Unpaired (UP) n=10. Paired (P) n=6, Unpaired (UP) n=6 for Recall. 1084 

 1085 
Figure 2: dmPFC Fos-GFP expression peaks at 1.5 h and returns to baseline at 8 and 18 h. 1086 

(A) Time course of Fos-GFP expression and approximate location of cell counts. Data are from 1087 

naïve Fos-GFP mice that were perfused at 0, 1.5, 8, and 18 h following exposure to a novel 1088 

context. (B) Representative images of Fos-GFP labeling from the dmPFC. White arrows indicate 1089 

Fos-GFP+ cells and dashed white line indicates position of midline. All data are expressed as 1090 

Mean±SEM *** P<0.001 (n=5,5,5,4 mice for 0, 1.5, 8, and 18 h groups, respectively) 1091 

 1092 
 1093 
Figure 3: Experimental timeline, methods of 2-Photon imaging, and baseline Fos-GFP 1094 

expression. GFP expression was longitudinally monitored in pyramidal cells and interneurons. (A) 1095 

Microprism placement for dmPFC imaging. (B) Representative in vivo 2-Photon image of dmPFC 1096 

from Fos-GFP x GAD-tdTomato (FGGT) mice (green arrow: GFP; grey arrow: tdTomato; blue 1097 

arrow: GFP+tdTomato). GFP+ neurons were selected by comparing ‘Signal’ intensity to 1098 

‘Background’.  (C) Imaging timeline and schematic representation of imaging session in head-fixed 1099 

mice following behavioral training under freely moving conditions (S1, S5, S11 and Recall) or from 1100 

home cage (HC1, HC2). (D) Number of GFP+ pyramidal cells (green) and interneurons (red) per 1101 

mm3 in imaging sessions taking place directly from home cage both before (HC1) and after (HC2) 1102 

behavioral training. All data are expressed as Mean±SEM. Paired (P) n=10, Unpaired (UP) n=9. 1103 

 1104 
 1105 
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Figure 4: Conditioning and memory recall recruits a stable pyramidal cell ensemble from 1106 

the initial acquisition session. (A) Normalized GFP+ counts of pyramidal cells (green) and 1107 

interneurons (red) during acquisition sessions. (B) Representative image of longitudinal GFP 1108 

imaging (S1 and S5); green arrow S1+|S5+ neurons, grey arrow S1+|S5- neurons. (C) Normalized 1109 

GFP+ counts of pyramidal cells (PC) and interneurons (IN) with a S1 (+ + +) or no S1 (– + +) 1110 

activation history. (D) Distribution of GFP+ pyramidal cells and interneurons activated during S1 1111 

classified according to their subsequent reactivation patterns (S1+|S5+,S11+; S1+|S5+, S11-; 1112 

S1+|S5-, S11+; S1+|S5-,S11-) for Paired and Unpaired mice. (E) Normalized GFP+ counts of 1113 

pyramidal cells and interneurons following the test for memory recall. (F) Normalized GFP+ counts 1114 

of pyramidal cells and interneurons recruited during the test for recall that had been persistently 1115 

activated during training, as a function of their S1 activation history (+ + + R or – + + R). (G) 1116 

Distribution of GFP+ pyramidal cells (PC) and interneurons (IN) activated during the test for recall, 1117 

classified according to their activation patterns from S1 onwards in Paired and Unpaired mice. 1118 

‘Other’ refers to neurons recruited during recall that did not demonstrate activation histories of 1119 

interest (e.g. S1-|S5-, S11+). (H) Proportion of S1+|S5+ S11+ pyramidal cells and interneurons 1120 

that were reactivated in Recall for Paired and Unpaired mice. Data on bar graphs are expressed as 1121 

Mean±SEM. Normalization of GFP+ counts was performed using the average number of GFP+ 1122 

neurons in HC (number of GFP+ cells / average number of GFP+ in HC) *100). Interaction effect: # 1123 

P<0.05, Post-hoc analysis: **P<0.01, Paired (P) n=10, Unpaired (UP) n=9 for acquisition, Paired 1124 

(P) n=6, Unpaired (UP) n=6 for Recall. 1125 

 1126 
 1127 

 1128 

 1129 

 1130 

 1131 

 1132 

 1133 

 1134 
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Figure 5. The firing capacity of S1-activated pyramidal cells is enhanced, but is not 1135 

observed several days following S1 nor at S11.  1136 

(A) Following S1, GFP+ spike frequency is significantly higher than GFP– neurons in Paired, but 1137 

not Unpaired mice (Paired; GFP+ n=5/15, GFP– n=5/16, Unpaired; GFP+ n=6/11, GFP– n=6/12). 1138 

(B) Following S11, GFP+ and GFP– spike frequency is similar in both Paired and Unpaired mice 1139 

(Paired; GFP+ n=6/19, GFP– n=6/17, Unpaired; GFP+ n=6/16, GFP– n=6/14). Right top: 1140 

Representative image of a patched GFP+ pyramidal cell in the dmPFC of a Fos-GFP mouse, scale 1141 

bar 20 μm. Right: Representative traces from GFP+ and GFP– pyramidal cells of Paired and 1142 

Unpaired mice at 120 pA stimulation. (C) The spike frequency of neurons activated at S1 of 1143 

Acquisition returns to baseline 3-7d following training in TetTag H2B-GFP mice (Paired; H2B-1144 

GFP+ n=6/13, H2B-GFP– n=6/12), Unpaired; H2B-GFP+ n=6/14, H2B-GFP– n=6/14). Right: 1145 

Representative traces from H2B-GFP+ and H2B-GFP– pyramidal cells of Paired and Unpaired 1146 

mice at 120 pA stimulation, scale bars 25 mV, 250 ms. Inset: Current/voltage (I/V) curves. All data 1147 

are expressed as Mean±SEM; n= number of animals/number of cells total. *** indicates Two-way 1148 

mixed ANOVA Cell Type X Current P<0.001. 1149 
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Figure 6. Conditioning-selective synaptic alterations are not observed in neurons activated 1164 

on S1 and S11 1165 

(A) No differences in AMPAR/NMDAR ratios between GFP+ and GFP– neurons in S1 in Paired 1166 

and Unpaired mice (Paired; GFP+ n=6/8, GFP– n=4/5 Unpaired; GFP+ n=4/5, GFP– n=5/5). 1167 

Decreased AMPAR/NMDAR ratios in GFP+ neurons in S11 in Paired and Unpaired mice (Paired; 1168 

GFP+ n=5/5, GFP– n=6/7), Unpaired; GFP+ n=4/5, GFP– n=6/6). Above: Representative traces of 1169 

AMPA/NMDAR recordings from layer II/III dmPFC pyramidal cells. Scale bars 20 pA, 50 ms (B) No 1170 

differences in the frequency of spontaneous excitatory post-synaptic potentials (sEPSCs) between 1171 

GFP+ and GFP– neurons in S1 in Paired and Unpaired mice. Decreased sEPSC frequency in 1172 

GFP+ neurons in S11 in Paired and Unpaired mice. Above: Representative images of sEPSC 1173 

recordings at -65 mV. Scale bars 15 pA, 75 ms. Below: Cumulative probability plots of sEPSC 1174 

frequency. (C) No differences in sEPSC amplitudes between GFP+ and GFP– neurons in S1 and 1175 

S11. Below: Cumulative probability plots of sEPSC amplitudes. (S1: Paired; GFP+ n=8/19, GFP– 1176 

n=8/21, Unpaired; GFP+ n=8/18, GFP– n=8/19, Session 11: Paired; GFP+ n=8/20, GFP– n=8/24, 1177 

Unpaired; GFP+ n=7/19, GFP– n=7/17). (D) No differences in Paired Pulse Ratios (PPR) of GFP+ 1178 

and GFP– neurons in S1 and S11. (Paired; GFP+ n=7/8, GFP– n=7/9, Unpaired; GFP+ n=4/6, 1179 

GFP– n=5/7, S11: Paired; GFP+ n=8/9, GFP– n=7/7, Unpaired; GFP+ n=7/7, GFP– n=6/6).  All 1180 

data are expressed as Mean±SEM; n= number of animals/number of cells total. *indicates main 1181 

effect of Cell Type in a Two-way ANOVA P<0.05. 1182 

 1183 
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Figure 7. No connectivity differences between GFP+ neurons and between GFP+ and GFP– 1184 

neurons across Paired and Unpaired groups in S1 and S11. (A) Representative traces of 1185 

connected (Con.) and unconnected (Uncon.) pairs recorded from a GFP+ to GFP+ neuron (+/+), 1186 

GFP+ to GFP– neuron (+/–) and GFP– to GFP+ neuron (–/+). Neurons were stimulated in current 1187 

clamp (CC) and postsynaptic excitatory currents recorded in voltage clamp (VC). Scale bar: 25 mV 1188 

(CC)/ 25 pA (VC), 10 ms. (B) Percentage of +/+, +/– and –/+ connections in Paired and Unpaired 1189 

mice from S1 and S11. There were no significant alterations in connectivity between groups.   1190 

             1191 

      1192 
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Figure 8: Persistently enhancing the excitability of S1-activated neurons impairs 1193 

conditioning. (A) Timeline of tagging and conditioning. All mice received clozapine injections on 1194 

sessions 2, 4, 6, 8, 10 and 12 (purple arrows). Doxycycline was presented in the drinking water of 1195 

all mice at all times, with the exception of its removal 48h prior to the tagging session, which lasted 1196 

until 1 h following the tagging session. (B) Representative image of mCherry staining in dmPFC of 1197 

Fos-tTa mice tagged during S1 or by exposure to a Novel context (NC); arrows indicate hM3Dq+ 1198 

neurons. (C) & (F) Selectivity index of responses (CS-ITI/total number head entries) during 1199 

acquisition in Fos-tTA (hM3Dq+; orange) and WT (hM3Dq–; black) mice following S1 or NC 1200 

tagging. (D) & (G) CS and ITI responses during Acquisition in Fos-tTA (hM3Dq+; orange) and WT 1201 

(hM3Dq–; black) mice following S1 or NC tagging.  (E) & (H) CS and ITI responses during recall in 1202 

Fos-tTA (hM3Dq+; orange) and WT (hM3Dq–; black) mice following S1 or NC tagging. (I) 1203 

Schematic representation of injection sites All data are expressed as Mean±SEM * P<0.05; S1 1204 

tag=6, 12; NC tag: n=8, 10.  1205 

  1206 
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Table Legends 1207 
 1208 

Table 1. Passive and active membrane properties following S1 and S11. Electrophysiological 1209 

properties of GFP+ and GFP– pyramidal cells from Paired and Unpaired mice across conditioning 1210 

sessions. All data are expressed as mean±SEM. Liquid junction potential was − 13.7 mV and was 1211 

not adjusted for. Spike characteristics were determined from a single action potential (AP); when a 1212 

doublet was elicited the second spike was analysed. Input resistance was calculated from the 1213 

slope of the I/V curve measured in response to 4 pA current steps ranging from −60 to 40 pA. 1214 

Spike threshold was measured using the third differential with Mini Analysis software. The AP peak 1215 

was calculated as the difference between the AP peak and AP threshold. Half-width was measured 1216 

as the AP width at half-maximal spike. Post-spike fast and medium afterhyperpolarizations (fAHPs 1217 

and mAHPs) were measured ~3 and ~40 ms following the AP threshold respectively, similar to 1218 

Ishikawa et al., (2009). Sidak post-hoc tests between GFP+ and GFP– are indicated *P<0.05, 1219 

**P<0.01. 1220 

 1221 

Table 2. Passive and active membrane properties from TetTag H2B-GFP mice 3-7 d 1222 

following S1. Electrophysiological properties of H2B-GFP+ and H2B-GFP– neurons from Paired 1223 

and Unpaired mice. All data are expressed as mean±SEM.  1224 

 1225 

 1226 
 1227 
 1228 
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 Session 1 (S1) Session 11 (S11) 

  Unpaired Paired Unpaired Paired 

  GFP- GFP+ GFP- GFP+ GFP- GFP+ GFP- GFP+ 

Resting Vm 

(mV) 

-69.35 

±0.96 

-67.30 

±1.18 

-68.73 

±0.69 

-68.95 

±0.76 

-66.75 

±0.71 

-67.16 

±0.52 

-68.42 

±0.82 

-68.32 

±0.74 

Rheobase (pA) 77.33 

±6.83 

103.27 

±18.58 

121.00 

±16.69 

75.14* 
±8.24 

82.57 

±14.37 

79.20 

±5.36 

86.71 

±8.46 

91.37 

±10.26 

Ri (MΩ) 160.38 

±9.20 

151.10 

±14.11 

138.48 

±13.81 

193.82** 
±15.19 

181.62 

±21.67 

143.14 

±9.01 

165.31 

±13.39 

161.89 

±8.70 

AP Peak (mV) 67.00 

±4.47 

66.38 

±3.26 

68.71 

±2.37 

65.76 

±3.53 

68.40 

±2.66 

70.61 

±2.22 

67.19 

±2.47 

73.40 

±2.23 

AP Half-Width 

(ms) 

1.30 

±0.09 

1.33 

±0.07 

1.21 

±0.04 

1.21 

0.05 

1.28 

±0.04 

1.32 

±0.04 

1.33 

±0.05 

1.34 

±0.04 

Threshold (mV) -36.51 

±0.85 

-36.06 

±1.47 

-34.36 

±1.00 

-36.57 

±0.94 

-35.46 

±0.74 

-36.43 

±0.77 

-35.86 

±0.65 

-38.39 

±0.54 

fAHP (mV) -3.01 

±0.40 

-2.48 

±0.35 

-3.33 

±0.42 

-3.72 

±0.47 

-4.10 

±0.52 

-3.69 

±0.48 

-2.01 

±0.30 

-3.56* 
±0.42 

mAHP (mV) -11.12 

±0.68 

-9.93 

±0.69 

-11.91 

±0.54 

-10.51 

±0.44 

-11.54 

±0.86 

-10.37 

±1.32 

-9.39 

±0.63 

-11.47 

±0.48 
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Table 2 

 H2B-GFP 

  Unpaired Paired 

  GFP- GFP+ GFP- GFP+ 

Resting Vm (mV) -66.42 

±0.67 

-68.19 

±1.00 

-66.37 

±0.79 

-66.63 

±0.56 

Rheobase (pA) 76.92 

±3.63 

76.57 

±4.47 

77.00 

±6.52 

67.38 

±4.43 

Ri (MΩ) 177.11 

±9.04 

200.33 

±7.57 

195.55 

±9.74 

216.52 

±9.22 

AP Peak (mV) 63.38 

±2.27 

58.62 

±2.55 

62.09 

±2.24 

61.44 

±3.19 

AP Half-Width 

(ms) 

1.36 

±0.05 

1.30 

±0.05 

1.42 

±0.04 

1.34 

0.05 

Threshold (mV) -34.62 

±0.64 

-33.57 

±0.57 

-34.64 

±0.54 

-34.70 

±0.71 

fAHP (mV) -4.27 

±0.43 

-3.87 

±0.48 

-3.71 

±0.44 

-4.36 

±0.50 

mAHP (mV) -12.62 

±0.85 

-11.00 

±0.78 

-12.75 

±1.07 

-11.41 

±2.22 


